The phase behaviour of mixtures of supercritical propene and a number of polypropenes, which have a similar density but significantly different molecular weights and tacticities, was investigated in a broad range of polymer weight fractions and temperatures at high pressures. The cloud-point pressures were measured optically, using a view cell which was equipped with two windows made of synthetic sapphire and a metal bellows to accurately adjust the pressure. The cloud-point pressures were found in the range from 29 to 37 MPa decreasing with increasing polymer weight fraction and increasing with increasing temperature and polymer molecular weight. The critical weight fraction was found below 2 to 6 wt.-%. Whereas the cloud-point pressures of atactic and syndiotactic samples were high and very similar, the isotactic species exhibit distinctly lower values. The results, extrapolated to lower temperatures, show good agreement with the literature data.
Introduction
The phase behaviour of mixtures of monomers and polymers exerts a major influence on the performance of polymerisation reactions and the properties of the resulting products. The formation of microcellular materials in the polymerisation under supercritical conditions is of growing interest. Whereas the phase behaviour of ethylene and low density polyethylene systems has been investigated in detail [1] [2] [3] [4] [5] , little data of the high-pressure phase equilibrium of polypropene solutions are presented in the open literature [6, 7] , and then only at lower temperatures and lower polymer concentrations. For this reason in this work, the phase behaviour of mixtures of some polypropene grades in supercritical propene were evaluated over a broad range of temperature, pressure, and composition.
Experimental Section
2.1. Materials. The data of the polymers are listed in Table 1 . The density of all samples is in the range of 0.9 g/mL, but they differ in molecular weight, polydispersity, and structure.
Polymer PP4062 is a commercial grade of high molecular weight and moderate polydispersity. The molecular weight of PP 45379 is much lower. Both polymers are produced with Ziegler-Natta catalysts and exhibit isotactic structures. Achieve 1635, produced with a metallocene catalyst, is also isotactic and has medium molecular weight but a low polydispersity which is typical for metallocene-based polymers. The sample PP W01 has a low molecular weight and isotactic structure. It was prepared in a semicontinuously operated laboratory unit by means of a metallocene catalyst in solution under a medium pressure of 7 MPa. The remaining polymers were also produced by metallocene catalysts and exhibit low polydispersities. Gemini aPP has a high molecular weight and an atactic structure, whereas Fina 9306 is a syndiotactic polypropene with medium molecular weight.
Propene was supplied by Linde AG, Wiesbaden, Germany in cylinders of 36 kg. Its data are listed in Table 2 . It was used without further purification.
Apparatus and
Procedure. The cloud-point pressures were measured using a view cell developed in Darmstadt [8] . The cell had a volume of 20 mL and was designed for a maximum pressure of 250 MPa and a temperature of 513 K. For optical observation, two windows made of synthetic sapphire are arranged one opposite the other. One is used to illuminate the interior of the autoclave, through the other, the phase behaviour can be observed. The pressure was generated by a membrane compressor and could be adjusted by a metal bellows inside the cell. For this purpose, the bellows is connected to a pump operated by a pressure controller. First, the polymer is placed in the cell. As next, the cell is evacuated and finally propene is fed. While heating to the preset temperature, the apparatus is shaken to mix the components. Three plates are arranged around the bellows to support the mixing.
After homogenization, the pressure is reduced stepwise by means of the bellows, while the phase state is observed visually. The phase separation is indicated by cloudiness. The procedure was repeated at different temperatures to measure the cloud-point curve. The reproducibility of the measurements was better than 3%. isotactic samples. In Figure 3 , the cloud-point pressures measured at temperatures of 140, 160, 180, and 200 • C are plotted versus M W for 10 wt.-% polymer in propene. The curves start at the zero point. With increasing molecular weight, the cloud-point pressure increases first steeply and then converges to an upper limit at a molecular weight of 500,000 to 600,000 g/mol.
Results

Influence of the
Influence of the Tacticity.
In order to show the influence of the tacticity, in Figure 4 , the cloud-point pressures of an atactic (Gemini aPP), an isotactic (PP 4062), and a syndiotactic (Fina 9306) polypropene are plotted versus the weight fraction of the polymer in the mixture with propene. The temperature is 160 • C. Whereas the cloud-point pressures of the atactic (curve marked by circles) and the syndiotactic (triangles) species are very similar, the isotactic polypropene exhibits distinctly lower cloud-point pressures (squares). 
Discussion
In order to discuss the observed phase behaviour of propene/ polypropene mixtures the classification of phase equilibria proposed by Van Konynenburg and Scott is considered [9] . An excellent understanding of phase diagrams is given by Kikic and De Loos [10] . Schematic phase diagrams are shown in Figures 5(a) and 5(b). Figure 5(a) shows schematically the pressure versus temperature phase diagram of a polymer with low melting point, such as the atactic polypropene, and a low molecular weight solvent. Similarly, Figure 5 (b) shows the pressure versus temperature phase diagram of a polymer with higher melting point, such as the isotactic polypropene, and a low molecular weight solvent. The curves are critical curves and describe the temperature and pressure conditions at which two heterogeneous phases merge into one homogeneous phase.
The following areas can be distinguished in Figure 5 The separation of polypropene and propene can be explained by the Gibbs free energy of mixing
UCST and LCST behaviours have slightly different explanations. The separation at UCST curve occurs when the temperature drops while the separation at the LCST curve appears with a temperature increase.
ΔG m is the difference of the free energy between the mixture and the two pure components. ΔH m and ΔS m represent the according enthalpy and entropy. A mixture is homogeneous when the difference of the free energy is negative whereas it separates into two phases when ΔG m < 0. For the investigated system, the mixing enthalpy can be considered as positive because the interactions within the pure components are larger than those between the polymer and the propene. Consequently, the second term of the above equation is the determinant term for the separation.
The behaviour at the UCST curve can be explained by the positive mixing entropy. A mixture of two components is more disordered than a pure component. Therefore, the mixing entropy shall be larger than zero and higher temperatures make the second term more dominating.
In order to explain the phase separation at the LCST curve, one should consider the densities of the pure components. At or above the critical point, the density is significantly decreasing with increasing temperature, while the influence of the temperature on the polymer density is minor. If the difference of the densities of the solvent and the polymer becomes larger, the mixing entropy turns negative and the influence of the temperature turns into the opposite.
The cloud-point curves in our polypropene/propene system can be assigned to this LCST behaviour. Also, the lower demixing pressure of the isotactic PP arises from this effect. As Antoniadis et al. [11] claimed for polypropene melts, the isotactic PP occurs in coils of higher density than the syndioor atactic PP. As a result, a higher free volume can be assumed for the isotactic PP, which leads to the better solubility in propene.
The UCST-and LCST-curves are typical for less asymmetric mixtures with small difference in molecular weight of the components. Mixtures become more asymmetric as the molecular weight of the polymer increases. In this case, the UCST-and LCST-curves come closer and eventually merge into a single curve, the so called U-LCST-curve (dotted line). Such phase behaviour, which was found by Chen and Radosz [12] 59,000 g/mol), corresponds to basic type IV. Mixtures with other polymers having low melting points, such as low density polyethylene (LDPE) or ethylene-vinylacetate copolymers in mixtures with their monomers, show the same behaviour with UCST-or U-LCST-curves [13] . A different phase diagram is observed when higher melting point polymers such as isotactic PP are used. As shown in Figure 5 (b), at higher temperatures (above the polymer melting point) the picture is similar. The same phase areas (L, LL, and VL) as with mixtures of polymers having a lower melting point exist together with the LCSTcurve. Differences can be seen at low temperatures. With increasing melting temperature of the polymer, a solid-liquid two phase area (SL) can be observed. With increasing melting temperature of the polymer, this area overlaps the UCSTcurve. If an UCST-curve can be observed it is intersected by the borderline of the SL-area. Cloud-point pressures can be measured only at temperatures above this limit.
Finally, the results should be compared with data of Oliveira et al. [7] and those of Whaley et al. [6] . For this purpose, isopleths are presented in Figure 6 
